Abstract. Since decades myeloablation followed by allogeneic stem cell transplantation offered the only opportunity to cure leukemia patients and only recently the development of STI571 created a further alternative in chronic myeloid leukemia (CML). While among all leukemias this transplantation regimen had the best outcome in CML, trials with reduced intensity conditioning regimens (RIC) were rather humbling and recurrence of the neoplastic clone occurred frequently. However, the same therapy in patients with idiopathic myelofibrosis (IMF) resulted in a more favorable outcome. Therefore, long-term mixed chimerism (mCh) was determined on bone marrow (BM) biopsies derived from five IMF patients and from eight CML patients of the pre STI era following sex-mismatched transplantation. All patients presented lasting hematologic remission and were matched concerning age, sex and appearance of GvHD. Analysis of late transplant period (day +100) revealed a concentration of host cells within the CD34 + precursor cell compartment in both diseases. However, in IMF BM biopsies only up to 8% recipient CD34 + precursors but in CML biopsies up to 26% recipient CD34 + precursors were detected. Taken into account that in CML up to 10% of the host BM CD34 + precursors bear the BCR-ABL translocation our data suggest that the neoplastic CD34 + progenitor cell population might dispose of better strategies to escape immune surveillance in CML than in IMF.
Introduction
Allogeneic bone marrow and hematopoietic stem cell transplantation (allo-BMT/HSCT) has arguably been applied successful in the treatment of chronic myeloid leukemia (CML) and still remains the most effective strategy for inducing durable molecular remission in STI571 (imatinib mesylate, Gleevec) refractory patients (1, 2) . The application of conventional myeloablative allo-HSCT has, amongst others, been limited by the age of the recipient. Therefore, the use of reduced intensity conditioning (RIC) regimen was studied in a limited number of patients. However, even if some published data remain contradictory most studies reported an elevated risk for recurrence of the disease and an adverse outcome (1, 3, 4) . Idiopathic myelofibrosis (IMF), a less common chronic myeloproliferative disease (CMPD) with an onset in the elderly, carries a prognosis with a median survival of four years (5, 6) . Initial studies on a small number of patients demonstrated that conventional myeloablative therapy lead to high transplant-related mortality (7) (8) (9) (10) . However, the use of RIC resulted in a better outcome in IMF patients (11) . In general, the elimination of tumor cells is mostly due to a strong graft-versus-leukemia (GVL) effect of the donor alloimmune effector lymphocytes (12) (13) (14) . When leukemia relapses after allogeneic hematopoietic cell transplantation (HCT), donor lymphocyte transfusions can induce sustained remissions in some patients (15) . The different response of IMF and CML patients on above-mentioned therapy regimen could suggest that neoplastic hematopoiesis in CML might dispose of better escape strategies than hematopoiesis in IMF.
Patients and methods

Patients (IMF).
A total of five patients (four men, one woman; mean age 45 years, fifteen sequential post-transplant trephine biopsies) with IMF in the chronic phase of the disease received PBSC grafts from sex-mismatched HLA identical family ONCOLOGY REPORTS 19: 287-292, 2008 287 Differences in proportion and dynamics of recipient hematopoiesis following hematopoietic cell transplantation in CML and IMF donors at the University Hospital Hamburg, Germany. All patients had a history of various therapeutic regimens including hydroxyurea, busulfan as well as radiation or a combination of these. All patients received standardized RIC with busulphan (10 mg/kg), fludarabine (180 mg/m 2 ) and anti-thymocyte globulin followed by allo-HSCT with a median number of transplanted CD34
+ progenitors of 8x10 6 per kg body weight (range 0.9-15.6). No primary graft failure occurred. The median time until leukocyte (>1.0x10 9 /l) and platelet (>20x 10 9 /l) engraftment was 16 (range, 11-26) and 23 days (range, 9-139) respectively. Acute graft-versus-host disease (GvHD) grade II-III occurred in three patients and two patients had limited chronic GvHD. Standard GvHD prophylaxis was performed (MTX + Cyclosporin A). Hematological response and complete histopathological remission without signs of relapse was seen in all five patients during the period under consideration. The patients were enrolled in a prospective pilot study of RIC. Explicit approval of this study was obtained from the local ethics committee and all patients gave written informed consent (see also refs. 11 and 16).
Patients (CML).
Sixteen archived pre-and post-transplant BM biopsies (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) of eight patients from the pre-STI era (five men and three women, median age 37 years) with chronic phase CML were enrolled in the study. Patients had received BM grafts (median size 2.3x10 8 /kg nucleated cells) from sexmismatched HLA identical family donors at the University Hospital of Essen, Germany, following standard procedures that included conditioning regimens (Cy 60 mg/kg/day x 2; dose of total body irradiation (TBI) 4 x 2.5 Gy cobalt-60 and GvHD prophylaxis (MTX + Cyclosporin A). A successful engraftment according to standard criteria was established at day 24±5 in all patients (17, 18) . Acute GvHD grade II-III developed in five patients and limited chronic GvHD was diagnosed in three patients. All patients presented complete hematologic remission for the period under study. Blood analysis revealed cytogenetic remission in the whole period under study (19) .
BM biopsies. BM trephine biopsies were performed from the posterior iliac crest. The fixation of samples was carried out in a low-concentrated phosphate-buffered formalin solution for 12-48 h. Further processing included decalcification for 3-4 days in 10% buffered ethylene-diamine tetra-acetic acid (EDTA), pH 7.2, paraffin wax embedding, and employment of several staining techniques, involving Giemsa, PAS (periodic acid Schiff reagent), naphthol-AS-D-chloroacetate esterase, Perls' reaction for iron and a silver impregnation method (Gomori's technique).
Sequential immunostaining and dual color fluorescence in situ hybridization (FISH).
For a simultaneous immunophenotypic and genotypic evaluation, 4 μm paraffin-embedded sections were immunostained with CD34 + (QBEND10, IgG1κ, Dako, Hamburg, Germany), or CD61 + (Y2/51, IgG1κ, Dako). Subsequently, the slides were incubated with a satellite probe mix for chromosomes x and y (CEP X Spectrum Orange/CEP Y Spectrum Green DNA Probe Kit; Vysis, Bergisch Gladbach, Germany) as described previously (20) .
The slides were evaluated with an Aristoplan microscope (Leitz, Wetzlar, Germany) equipped with an optimized triple bandpass filter and imaged with a digital camera (Photometrics SenSys; Tucson, AZ, USA) and appropriate software (IPLab Spectrum P, Vienna, VA, USA). Only those cells containing exactly two marked signals were evaluated.
Polymerase chain reaction (PCR) analysis.
Quantitative Y chromosome-specific PCR assay (QYCS-PCR) based on the DFFRY gene for the determination of hematopoietic donor chimerism was performed on peripheral blood cells of four male IMF patients as formerly described (11, 16) . This method can be used to detect remaining male cells after sexmismatched allogeneic blood stem cell transplantation (HSCT) involving a male patient and female donor (16) . For PCR, primers FP-Y (aactcacctccaacacatactccac) and RP-Y (ttcatgatgaaatctgctttttgttt) were synthesized according to the published sequence of the DFFRY gene (21) . A FAMlabeled TaqMan probe (P-Y, cagccaccagaattatctccaagctct ctga) was designed using Primer Express software to allow real-time quantitative PCR in an ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Weiterstadt, Germany). To standardize DNA content, a second PCR reaction detecting the human hematopoietic cell kinase gene HCK was carried out in the same tube (multiplex) (22, 23) .
Male (Y chromosome-positive) cell content was quantified based on ct (threshold cycle) values obtained after real-time PCR. Statistical data evaluation was performed with Microsoft Excel software (16) .
Results
Validation of polymerase chain reaction and fluorescence in situ hybridization. Serial dilutions of male mononuclear cells in female cells confirmed that the detection of <1 male in 100,000 female cells (<0.001%), was possible. Concerning the female patient in this collective, the Y chromosome-specific PCR was negative.
In all patients dual color FISH was performed on pretreatment trephine biopsies to validate the method. Concerning the male patients, in 0.3% cells the genotype was spuriously suggested to be female while a total congruence with the female gender was found in all cells under investigation.
Distribution of donor and host hematopoiesis in BM and PB.
Concerning the four male IMF patients mCh was verified to be a phenomenon affecting both, the BM and the PB compartment. In detail, QYCS-PCR data demonstrated a proportion of PB recipient cells ranging between 0 and 1% in the early as well as late post-transplant period. Concerning analysis of corresponding sequential BM biopsies and FISH examination 0 and 1% host megakaryocytes were seen in the early post-transplant period and also at day +100, respectively. In contrast, BM CD34 + progenitors displayed a host cell proportion of 5 and 8% by examination of the early transplant period and day +100, respectively. The variation in host cell distribution concerning early and late post-transplant period, however, was not statistically significant (t-test; unpaired).
Evidence of constitutive BM host hematopoiesis in CML patients with lasting cytogenetic remission in PB.
MCh of post-transplant BM biopsies exclusively derived from patients with lasting cytogenetic remission was analysed. In all cases under study a distinct proportion of host derived hematopoietic cells was seen. Detailed FISH analysis of megakaryocytes as an element of mature hematopoiesis revealed mCh of 11% in the early post-transplant period and of 13% at day +100. Concerning the CD34 + progenitors 18 and 26% were of host origin when examining BM biopsies of the early posttransplant period and day +100, respectively. These data indicate the presence of a lasting BCR-ABL negative host cell hematopoiesis in disease-free post-transplant CML patients. Observed variations of host cell distribution in early and late post-transplant period were not statistically significant for the megakaryocyte or for the CD34 + progenitor cell compartment.
MCh is particularly a phenomenon of the immature hematopoiesis.
To compare mCh in mature and the immature hematopoiesis 29 BM biopsies of 5 IMF and 8 CML patients were analysed. In both diseases a higher proportion of host derived CD34
+ progenitors was seen when compared to megakaryocytes. In detail, concerning the early post-transplant period, 5% of the CD34 + progenitors but no megakaryocytes were of host origin in IMF patients while 18% of the CD34 + progenitors and 11% of the megakaryocytes were of host origin in CML. Concerning day +100, 8% host CD34 + progenitor cells but only 1% host megakaryocytes were seen in IMF and in CML mCh represented 26% of the CD34 + progenitors and 13% of the megakaryopoiesis. The prominent role of CD34 + progenitors in mCh was seen in all patients. Concerning the IMF patients this finding was statistically significant by unpaired t-test for both time periods. Concerning the CML patients results were marginally not significant but disclosed the same trend.
Superior bone marrow mCh in CML compared to IMF. FISH analysis of 1043 hematologic cells derived from BM biopsies of IMF and CML patients in hematological remission revealed a constant higher proportion of host derived megakaryopoiesis and CD34 + progenitors in CML patients. This phenomenon was observed in early as well as in late posttransplant period. As summarized in Table I in IMF patients complete chimerism of the CD61 + megakaryopoietic lineage was obtained within the first 100 days. At all later time- Table I . Portion of Graft and Host hematopoiesis of early and late transplant phase. - points the fraction of recipient cells in this cell lineage was below 2%. In the group of CML patients 11% of the megakaryocytes were of host origin in the early posttransplant period while mCh was 13% at day +100 (Table I ; Fig. 1 ).
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When data for the CD34 + cell population of CML patients were compared to those of the IMF patients the contingent of recipient cells was significantly elevated in the CML group in the early as well as the late post-transplant period (p<0.05; t-test; unpaired) (Table I; Fig. 1 ).
Discussion
QYCS-PCR is a rapid and sensitive technique to detect male cells and therefore enables analysis and quantification of PB mCh in sex mismatched HCT (16, 24, 25) . A disadvantage of this method is the constriction on male patients. In the analysis of BM biopsies, recipient stromal cells cannot be differentiated from host hematopoiesis and therefore the changing relation between hematopoiesis and stromal cells during the engraftment and post-transplant period falsifies the results. In the evaluation of BM biopsies the FISH technique therefore outmatches the QYCS-PCR technique. In combination with immunohistochemical analysis this assay allows the genotyping of single phenotyped cells. Assuming that in CMPD the source of relapse probably is the undifferentiated hematopoietic progenitor cell FISH analysis also is an important tool in monitoring hematopoietic engraftment in the BM after transplantation (26) .
Following a gender-mismatched transplantation, the concurrent characterization of genotype and cell lineage provides suitable means for the identification of chimeric states and thus the host/donor origin of a certain cell population (24) . However, it has to be considered that the number of host cells does not necessarily reflect the number of neoplastic hematopoiesis (17, 18, 20) and the relevance of host cell number on HCT outcome remains controversial (27) (28) (29) (30) . Analyzing the same BM biopsies, we reported a BCR/ABL positive population within the CD34 + cell compartment ranging from 5 to 10% (18) indicating that 30-50% of the host CD34 + cells bear the translocation. These data indicate that an increase in mCh indeed is a powerful indicator of initial relapse and therefore an important tool to initialize accurate treatment as soon as possible (31) . In IMF our data also indicate that measurement of mCh is a useful and true instrument in the monitoring of clonal diseases when a defined chromosomal aberration is unknown (7, 8, 32, 33) .
In this study the FISH technique was applied to compare and monitor IMF and CML patients transplanted with sexmismatched donors. Combination of FISH technique with IHC allowed subdivision of maturing and immature hematopoiesis. In this context CD61 + megakaryopoiesis lineage was selected because, based on previous data, the probability to detect single recipient cells in these lineage is higher when compared with those of the erythro-and granulopoiesis presumably by virtue of the polyploid state of these cells (17) . The immature, potentially dormant hematopoiesis was detected by CD34 IHC. Morphological control of the stained cells within the BM allowed a clear discrimination from CD34 endothelial cells because BM vessels were omitted in the evaluation (18) .
With CML and IMF two CMPD were selected which are both hematopoietic stem cell diseases. Although a specific chromosomal aberration is only described in CML this disease shares a lot of clinical and morphological similarities with IMF. A maximum similarity in both groups was achieved as follows: i) patients were matched concerning age, phase of their disease and risk of GvHD; ii) only patients in lasting complete hematologic remission were elected; and iii) patients achieved grafts from sex-mismatched HLA identical family donors. In addition, only CML patients in complete cytogenetic remission were elected. Differences in the management of both diseases included i) the manner of hematopoietic eradication (myeloablation in the CML group versus myeloreduction via RIC in the IMF group) and ii) the manner of transplantation (allo-BMT in the CML group versus allo-HSCT in the IMF group) and resulted from the adverse outcome of the therapy concerning the setting vice versa (1, 3, (7) (8) (9) (10) (11) . Concerning the time-points day +100 posttransplant, however, effects of initial therapy (allo-BMT and allo-HSCT) are blurred because at that time-point the interplay between immune reactivity of the graft and immunogenity of the tumor cells is regarded to be essential for the course of the individual disease (19, 34) . In addition, individual ranges of the relative proportion of T-cells are indeed broad but are reported not to differ between BM and peripheral blood stem cell allografts (35) .
In both diseases under study mCh was concentrated within the population of CD34 + progenitors. Assuming that the majority of neoplastic cells are comprised in this compartment our data are in line with the findings that early leukemia relapse is indicated by sequential monitoring of mCh in PB CD34 + cells (36) . Concerning CML, the prominent role of BM CD34 + cells is further highlighted by the finding of constant persistence of malignant hematopoietic progenitors in patients in complete PB cytogenetic remission (18) . Although a direct comparison was not conducted it is likely that these findings affect CD34 + progenitors from both sources, PB and BM, respectively.
The most prominent difference between IMF and CML BM findings was the significantly elevated rate of mCh in CML hematopoiesis. These data indicate that host CD34 + cells and therefore also primary neoplastic stem cells in CML seem not to be as sensitive to myeloreductive drugs and, even more important, to graft versus leukemia reactions than their counterparts in IMF. In other words, the presented data indicate that the interplay between reduction of the host cell mass and efficiency of the unedited donor immune system in eradication of host and tumor cells has to be linked to each disease and disease stage. An excess of tumor mass over each individual threshold therefore leads to uncontrolled proliferation of the neoplastic progenitors, an observation that can be underlined by previously published FISH data on sequential trephine biopsies of relapsing CML patients (17, 18) . The finding that myeloablative regime may not be sufficient to cure CML at least in advanced disease, points to the same direction (3, 37, 38) .
In this context, allowing the assumption that immunological responses against tumor cells are likely to be most effective against the most immunogenic of the tumor cell population and least effective against the escape mutants that have evolved various means of camouflage or resistance for immune mediated toxicity (37) . Our present data indicate that CML CD34 + progenitors are more resistant and harder to eradicate than their IMF counterparts. This, in part, could depend on the low translation of immunogenic BCR-ABL protein by CML CD34 + progenitor cells (34) . However, the concomitant higher fraction of recipient megakaryopoiesis in CML patients bearing large amount of BCR-ABL protein indicates that this might not be a major reason for the less complete eradication. Altogether, our findings support the conclusion that neoplastic hematopoiesis in IMF patients might be more vulnerable to immunological responses than the neoplastic CD34
+ progenitor cell population in CML patients perhaps due to better strategies in escaping immune surveillance of the latter. Further studies will have to clarify which GVL target antigens could be responsible for the more effective strategies of CML CD34 + progenitors to escape immune surveillance.
